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ABSTRACT
State-of-the-art integral field surveys like ATLAS3D, SLUGGS, CALIFA, SAMI, and
MaNGA provide large data sets of kinematical observations of early-type galaxies
(ETGs), yielding constraints on the formation of ETGs. Using the cosmological hy-
drodynamical Magneticum Pathfinder simulations, we investigate the paradigm of
fast and slow rotating ETGs in a fully cosmological context. We show that the ETGs
within the Magneticum simulation are in remarkable agreement with the observa-
tions, revealing fast and slow rotators quantified by the angular momentum proxy
λR and the flattening  with the observed prevalence. Taking full advantage of the
three-dimensional data, we demonstrate that the dichotomy between fast and slow
rotating galaxies gets enhanced, showing an upper and lower population separated
by an underpopulated region in the edge-on λR1/2- plane. We show that the global
anisotropy parameter inferred from the λR1/2 - edge-on view is a very good predictor
of the true anisotropy of the system. This drives a physically-based argument for the
location of fast rotators in the observed plane. Following the evolution of the λR1/2-
plane through cosmic time, we find that, while the upper population is already in
place at z = 2, the lower population gets statistically significant below z = 1 with a
gradual increase. At least 50% of the galaxies transition from fast to slow rotators on
a short timescale, in most cases associated to a significant merger event. Furthermore,
we connect the M∗-j∗ plane, quantified by the b-value, with the λR1/2- plane, reveal-
ing a strong correlation between the position of a galaxy in the λR1/2- plane and
the b-value. Going one step further, we classify our sample based on features in their
velocity map, finding all five common kinematic groups, also including the recently
observed group of prolate rotators, populating distinct regions in the λR1/2-b plane.
Key words: galaxies: evolution – galaxies: formation – galaxies: kinematics and
dynamics – cosmology: dark matter – methods: numerical
1 INTRODUCTION
During the last decade results from cosmological simulations
within the ΛCDM framework revealed a two-phase picture
? E-mail:fschulze@usm.lmu.de
of galaxy formation (Oser et al. 2010). Subsequent to the
hierarchical merging of dark matter halos, a rapid dissipa-
tive phase of smooth gas accretion triggering in-situ star
formation proceeds the galaxy assembly. Below z ≈ 1 the
main driver of galaxy growth is minor and major merging
of larger structures from outside the halo, hence most new
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stars are accreted onto the galaxy. Due to the complex inter-
play of baryonic processes formulating a predictive theory of
galaxy formation is still highly debated.
Starting with the famous Hubble-sequence proposed in
1926 (Hubble 1926) many classification schemes attempted
to capture the diversity of galactic structures. Especially
within the category of early-type galaxies (ETGs), the im-
provement of observational techniques revealed a more com-
plex picture of the internal structure. The discovery, that the
isophotal shape of ETGs differs from ellipses and can be ei-
ther ’discy’ or ’boxy’ as measured by the a4 parameter led
to a revision of the picture of ETGs (Bender et al. 1988).
Furthermore, the result that discy ETGs seemed to rotate
more rapidly than boxy ETGs and the correlation between
the isophotal shape and the central surface density slope led
to the proposal of a new classification scheme for ETGs cap-
turing those properties (Kormendy & Bender 1996; Faber
et al. 1997).
Since the discovery and classification of ETGs within
the Hubble-sequence the general formation theory has con-
verged to a picture in which, due to the hierarchical assem-
bly of dark matter halos, disc galaxies get morphologically
transformed into ETGs in major or multiple minor merg-
ers of disk galaxies (Toomre & Toomre 1972; Toomre 1977;
Barnes 1988, 1992; Hernquist 1992; Mihos & Hernquist 1996;
Naab & Burkert 2003; Bournaud et al. 2005, 2007). Pro-
cesses like dynamical friction and violent relaxation during
galaxy mergers are capable of drastically modifying the sta-
tistical distribution of orbits, while triggered star formation
and accretion of fresh gas builds up new cold components
(Lynden-Bell 1967; Thomas et al. 2009; Hoffman et al. 2010).
Since the formation of ETGs is predominantly driven by
mergers they preserve a richness of information about their
assembly encoded in the orbital structure and therefore also
in the velocity field.
The emerging picture of ETGs, acquired from pho-
tometry, was advanced by the development of integral-field
spectroscopy allowing to measure detailed spatial maps of
several galaxy properties including stellar kinematics. The
SAURON survey was the first project to map the two-
dimensional kinematics, ionised gas and stellar population
of a statistically significant sample of 48 nearby ETGs (de
Zeeuw et al. 2002; Bacon et al. 2001). Already a simple vi-
sual investigation of stellar line-of-sight velocity maps within
one effective radius revealed two types of kinematics: The
class of fast rotators shows a regular rotating velocity pat-
tern consistent with an inclined rotating disc, whereas the
class of slow rotators features complex kinematical patterns
like kinematically distinct and counter-rotating cores (Sarzi
et al. 2006; Emsellem et al. 2004; Davies et al. 2001). These
results provoked a paradigm shift towards a kinematically
motivated classification scheme closer related to the forma-
tion history, since stellar kinematics are believed to encode
the detailed accretion history of a galaxy (Cox et al. 2006).
By extending the SAURON sample to 260 ETGs in
a volume- and luminosity-limited survey the ATLAS3D
project substantiated the dichotomy of fast and slow rota-
tors based on a statistically more meaningful sample (Em-
sellem et al. 2011). Comprising 86% of the total sample,
fast rotators are significantly more frequent and seem to be
the dominant kinematical final stage of ETGs. Subsequent
to these pioneering studies, Cappellari (2016) combined re-
sults from ATLAS3D and the SAMI Pilot survey (Fogarty
et al. 2015) to strengthen the existence of the two classes of
fast and slow rotators.
Aiming to gain insight into the general formation path-
way of these two types of ETGs, studies were conducted in
an attempt to link the cosmological environment of ETGs
to their kinematical state, i.e. into a ’kinematic morphology-
density relation’. Interestingly, the global fraction of slow
rotators within relaxed clusters has proven to be remark-
ably constant across a large range of clusters with varying
galaxy number density (D’Eugenio et al. 2013; Houghton
et al. 2013; Scott et al. 2014; Fogarty et al. 2015; Veale et al.
2017). Only when investigating the local density dependence
within the cluster these studies found a rising slow rotator
fraction in higher density environments. Interestingly, Veale
et al. (2017) found that for a given absolute K-band magni-
tude, which is strongly correlated with the stellar mass of a
galaxy, the slow rotator fraction is independent of the local
and global environment (see also Greene et al. (2018)). This
result was confirmed by Lagos et al. (2018a) for the EAGLE
hydrodynamical simulations.
Attempting to capture the variety of kinematical fea-
tures, Krajnovic´ et al. (2011) prior introduced a more refined
classification scheme: The velocity map of a galaxy is found
to (a) not show any sign of rotation, (b) exhibit a com-
plex velocity pattern without any specific feature, (c) fea-
ture a kinematically distinct core (KDC, including counter-
rotating cores CRCs), (d) show a double peak in the disper-
sion map or (e) show a regular rotation pattern. Classifying
those groups into fast and slow rotators revealed that group
(a)-(d) are in general slow rotating, while members of group
(e) are fast rotating (Emsellem et al. 2011).Observational
results from McDermid et al. (2006) revealed that young
and very compact KDCs can also be found in fast rotating
ETGs. Furthermore, Schulze et al. (2017) showed that KDCs
can dissolve on a timescale of 1.5Gyr and feature a complex
global motion with respect to the surrounding galaxy.
To depict the different formation pathways responsible
for the dichotomy of fast and slow rotators in ETGs, sev-
eral hydrodynamical simulations using isolated galaxy merg-
ers have been performed. Since this kind of simulations al-
lows to follow the evolution of galaxy properties through
time they represent a diagnostically conclusive method to
probe the formation of fast and slow rotators, and even more
detailed kinematical features, depending on the respective
merger configuration. These studies confirmed the notion
that galaxy mergers are capable of transforming kinemati-
cally cold disks into spheroidal hot objects, resembling the
kinematics of fast and slow rotators (Jesseit et al. 2009; Bois
et al. 2011; Moody et al. 2014; Bois et al. 2010). The kine-
matical properties of the remnants crucially depends on the
orbital parameters of the merger, the detailed merger se-
quence (binary or multiple mergers) and the intrinsic prop-
erties of the progenitors like mass-ratio and gas content.
Although idealised disk merger simulations had major
success in resembling kinematic and photometric properties
of galaxies, this method is limited to artificially determined
initial conditions and hence does not represent a natural for-
mation pathway in a fully cosmological environment. Due to
a significant improvement of computational and numerical
techniques, recent state-of-the-art hydrodynamical cosmo-
logical simulations reach resolutions that allow to investigate
c© 2018 RAS, MNRAS 000, 1–24
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the kinematic properties of ETGs in a statistical meaningful
manner. Recent studies using cosmological zoom-in simula-
tions showed that fast and slow rotators can be formed in
various scenarios through minor and major mergers (Naab
et al. 2014; Choi & Yi 2017). However, investigating the in-
fluence of different physical processes on the spin evolution,
Choi & Yi (2017) found that, in contrast to the general ex-
pectation, the combined impact of effects other than mergers
like extremely minor mergers (of ratios smaller than 1/50),
secular evolution, fly-by encounters, harassment and dynam-
ical friction is dominating the spin evolution. Therefore, the
simple picture of relating the kinematic evolution of ETGs
solely to mergers seems to be insufficient. In a first attempt
to comprehend the formation of fast and slow rotators in
a fully cosmological context Penoyre et al. (2017) followed
the evolution of ETGs in the Illustris simulation. They find
that at z = 1 the respective progenitors of fast and slow rota-
tors are indistinguishable. At lower redshift they find major
mergers to be the driving mechanism engendering the kine-
matical dichotomy. As a key difference in the evolution of
fast and slow rotators they conclude that fast rotators, in
contrast to slow rotators, get spun up by accretion of fresh
gas and stars from the cosmic environment. In line with
these results Lagos et al. (2018b) show that, within the EA-
GLE simulation, gas-rich mergers can significantly increase
the angular momentum content of galaxies.
The aim of this work is to study the kinematic prop-
erties of ETGs in a statistical manner using the cosmo-
logical hydrodynamical Magneticum Pathfinder simulations.
Rather than focusing on individual formation pathways we
follow the formation of fast and slow rotators as populations
and relate their intrinsic kinematics to global and morpho-
logical properties. We present the Magneticum simulation
and describe the sample selection as well as the methodol-
ogy of the galaxy analysis in Sec. 2. In Sec. 3, we extensively
investigate the λR- plane with regard to state-of-the-art ob-
servations, the physical meaning of fast and slow rotation,
and the implications of its temporal evolution on the for-
mation pathways of the populations of fast and slow rota-
tors. In Sec. 4, we connect the kinematics of our sample
to the position in the M∗-j∗ plane and the stellar density
profile quantified by the b-value and the Se´rsic-Index. In a
second step we apply a refined classification based on kine-
matical features in the velocity maps similar to Krajnovic´
et al. (2011) and (Emsellem et al. 2011), including the re-
cently observed prolate rotators (Tsatsi et al. 2017; Ebrova´
&  Lokas 2017), to further disentangle the kinematical va-
riety of ETGs presented in Sec. 5. Sec. 6 summarises our
results and conclusions.
2 SIMULATION AND ANALYSIS
2.1 The Magneticum Pathfinder Simulation
The galaxies investigated in this study are extracted from
the Magneticum Pathfinder simulations1, which are a set
of cosmological hydrodynamical simulations performed with
the Tree/SPH code GADGET-3. GADGET-3 is an extended
version of GADGET-2 (Springel 2005; Springel et al. 2001a)
1 www.magneticum.org
including improvements concerning the treatment of viscos-
ity and the used kernels (Dolag et al. 2005; Donnert et al.
2013; Beck et al. 2015).
Furthermore, the simulations include a wide variety of
baryonic physics such as gas cooling and star formation
(Springel & Hernquist 2003), black hole seeding, evolution
and AGN feedback (Springel et al. 2005; Fabjan et al. 2010;
Hirschmann et al. 2014; Steinborn et al. 2015) as well as stel-
lar evolution and metal enrichment (Tornatore et al. 2007).
The Magneticum Pathfinder simulations implement
a standard ΛCDM cosmology with parameters adapted
from the seven-year results of the Wilkinson Microwave
Anisotropy Probe (WMAP7) (Komatsu et al. 2011). The
density parameters are Ωb = 0.0451, ΩM = 0.272 and ΩΛ =
0.728 for baryons, matter and dark energy, respectively. The
Hubble parameter is h = 0.704 and the normalisation of the
fluctuation amplitude at 8Mpc is given by σ8 = 0.809. The
Magneticum Pathfinder simulation set includes boxes of dif-
ferent sizes and resolutions. Sizes range from 2688Mpc/h
box length to 18Mpc/h box length, while resolutions cover
a particle mass range of 1010 > mdm > 10
7M/h for the
dark matter and 109 > mgas > 10
6M/h for gas particles.
The implemented star formation scheme allows a gas parti-
cle to form up to four star particles (Springel & Hernquist
2003).
For this study we choose the medium-sized cosmological
Box4, with a side length of 48Mpc/h at the ultra high resolu-
tion level. With masses for the dark matter and gas particles
of mDM = 3.6 · 107M/h and mgas = 7.3 · 106M/h, respec-
tively, with a gravitational softening length of 1.4kpc/h for
dark matter and gas particles, and 0.7 kpc/h for star parti-
cles. This box is chosen to ensures a high enough resolution
for galaxy kinematic studies as well as a large sample size to
examine the kinematics of galaxies in a statistically mean-
ingful manner.
The galaxies are identified using SUBFIND (Springel
et al. 2001b) which utilises a standard Friends-of-Friends
algorithm, and is adapted for the treatment of the baryonic
component (Dolag et al. 2009), which allows to identify both
satellite and central galaxies inside the main haloes.
2.2 Sample Selection
Since we aim to conduct a statistical comparison to re-
sults which are based on various observational samples, the
galaxy selection should ensure a meaningful comparability.
The observational classification scheme which essentially all
authors converged on is purely based on the morphological
properties of a galaxy (de Vaucouleurs 1959, 1963; Sandage
1961). Adopting the separation criterion between late-type
galaxies (LTGs) and ETGs outlined by Sandage (1961),
they select ETGs from their complete sample by visually in-
specting multi-colour images. Therefore, the separation be-
tween LTGs and ETGs is strongly based on the presence of
spiral arms, while other galaxy characteristics, which vary
with morphology, are neglected (Sandage 1975). This clas-
sification scheme was adopted to create the frequently used
RC2 and RC2 galaxy catalogue (de Vaucouleurs et al. 1976,
1991).
Due to the potentially large sample size and the chal-
lenging task of generating realistic multi-colour images from
simulated data, a visual inspection is not convenient for our
c© 2018 RAS, MNRAS 000, 1–24
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Table 1. Characteristics of the Magneticum ETGs at z = 0.
Total number of ETG’s: 900
Total halo masses: 2.7 · 1010 − 1.2 · 1014 M
Galaxy stellar masses: 2 · 1010 − 1.6 · 1012 M
Galaxy cold gas fractions: 1 · 10−4 − 0.099
Galaxy half-mass radii: 2.0− 30.5 kpc
study. Therefore, we first select all main- and subhaloes iden-
tified by SUBFIND with a total stellar massM∗ > 2·1010M
to ensure a proper mass-resolution (i.e. number of stel-
lar particles). In comparison to the ATLAS3D observations,
which represents the largest comparison sample, this lower
mass limit introduces a minor bias since they comprise ETGs
down to M∗ & 6 · 109M in their sample. In total, we find
1147 galaxies satisfying this condition in Magneticum Box4.
In order to assure an adequate spatial resolution the se-
lection proceeds by constraining the stellar half-mass radius
to be larger than twice the stellar softening length:
R1/2 >
1.4 kpc
h (z + 1)
. (1)
Since the softening length is defined to be constant in co-
moving coordinates, the threshold involves a redshift depen-
dence in physical units. The half-mass radius is determined
to be the radius of a three dimensional sphere containing
half of the total stellar mass M∗.
Due to the star-forming nature of spiral arms their pres-
ence is tightly coupled to the amount of cold gas available in
the galaxy. Therefore, we impose a upper limit on the cold-
gas fraction fgas rather than visually identifying the absence
of spiral arms to select a galaxy to be an ETG:
fgas =
Mcoldgas
M∗
6 0.1. (2)
Here, Mcoldgas is the total mass of all gas particles possessing
a temperature below 105K within 3R1/2. Serra et al. (2014)
investigated the MHI/M∗-fractions for a subsample of the
ATLAS3D ETGs, observing values ranging from 0.04% to
10%. To ensure a proper comparability we checked the max-
imum MHI/M∗-fractions within our selected ETG sample,
yielding a value of 5%. Hence, a gas fraction of 10% imposes
a conservative limit on the MHI/M∗-fractions of our selected
ETGs in comparison to the observations.
Our final sample of ETGs at z = 0 includes 900 galaxies,
which we will refer to as Magneticum ETGs in the following.
Some basic characteristics of our sample are summarised in
Tab. 1.
To select our sample at higher redshifts we maintain
the lower mass cut and the gas fraction threshold, whereas
the lower limit for R1/2 is adapted according to Eq. 1. This
leaves us with a sample size of 161, 767 and 894 at z = 2,
z = 1 and z = 0.5, respectively. Therefore already at z = 2
we find a significant number of ETGs with a low fraction of
cold gas and stellar masses above 2 · 1010M.
2.3 Mass-Size Relation
Fig. 1 shows the mass-size relation for all galaxies in the
simulation satisfying the resolution criteria, separated into
selected (left column, black circles) and rejected (right col-
umn, grey circles). In each panel the horizontal dashed lines
correspond to the resolution limit (Eq. 1). We include obser-
vational results from the GAMA (Lange et al. 2015; Baldry
et al. 2012), CALIFA, SLUGGS (Forbes et al. 2017) and
ATLAS3D (Cappellari et al. 2013b) surveys as given in the
legend.
The green and blue solid lines depict the most recent
GAMA results by Lange et al. (2015) representing the statis-
tically most significant observational sample in our compar-
ison. From the various relations presented in Lange et al.
(2015) we adopt the relations obtained by fitting a dou-
ble power-law function to the visually identified ETGs and
LTGs. It is important to note that Lange et al. (2015) uses
actual major-axis effective radii taking the elliptical shape
of the isophotes into account (Kelvin et al. 2012). Hence,
especially for highly elongated galaxies, this can lead to a
bias towards larger radii with respect to the half-mass radii
determined for the Magneticum sample.
An interesting general feature among the observational
samples is the considerable scatter between them. For a
given mass, the SLUGGS, CALIFA and ATLAS3D ETGs
seem to be systematically more compact than the GAMA
galaxies. Since the half-light radii of those samples are ob-
tained by different methods, this suggests a significant im-
pact of the observational approach on the result (Cappellari
et al. 2013a).
At the stellar mass range of 2·1010M < M∗ < 1011M
the observations show that LTGs have larger effective radii
at a given mass than the ETGs. This difference is also
present between the Magneticum ETGs and rejected galax-
ies, albeit with a significant overlap, similar to the results
from CALIFA and GAMA. However, the rejected galaxies
in the right panel of Fig. 1 include disc-like galaxies as well
as peculiar galaxies, potentially influenced by interactions.
Hence, a rigorous comparison to observations is not reason-
able due to the contamination by disturbed objects.
The Magneticum ETGs are in substantial agreement
with GAMA observations by Baldry et al. (2012) showing
a clustering in the vicinity of the red curve with a weak
trend towards larger radii (see left panel of Fig. 1). The more
recent results by Lange et al. (2015) exhibit slightly smaller
radii in the considered mass range up to 1011M, however
still larger than those found for the ATLAS3D galaxies. For
galaxies more massive than 1011M, the Magneticum ETGs
follow the almost linear trend found for the GAMA ETGs,
albeit tending towards slightly smaller radii. It is important
to note that, due to the limited size of the simulated box, the
high mass end of the Magneticum ETGs is underpopulated
and therefore statistically unreliable.
Overall, the mass-size relation found for the Mag-
neticum ETGs is consistent with the observed trend. Fur-
thermore, the galaxies considered in this study are in agree-
ment with present day scaling relations since they represent
an extension of the sample investigated in Remus & Dolag
(2016) and Remus et al. (2017).
2.4 Angular Momentum Proxy: λR
For many years the V/σ-parameter has been used to quan-
tify the relative amount of stellar rotation in a system, where
V and σ denote the projected stellar velocity and velocity
c© 2018 RAS, MNRAS 000, 1–24
Kinematics of Simulated Galaxies I 5
Figure 1. The mass-size relation at z = 0 for the Magneticum Pathfinder simulation in direct comparison to recent observations. Left
panel: Black circles show the distribution for Magneticum ETGs. Diamonds correspond to observations by the ATLAS3D, SLUGGS
and CALIFA survey with colours as given in the legend. The red and blue solid lines represent observations for ETGs from the GAMA
survey. Right panel: Magneticum galaxies which are selected to not resemble ETGs in grey, while blue diamonds show observations by
the CALIFA survey. The blue dashed line marks observations for LTGs from the GAMA survey (Baldry et al. 2012). In both panels the
1σ range for the GAMA observations are marked by the shaded areas.
dispersion, respectively. This parameter is a useful tool to
investigate the dynamical state of ETGs. However, it fails
to distinguish between small scale rotation (like kinemati-
cally distinct cores) and large scale rotation (Emsellem et al.
2007). Therefore, a new parameter was introduced by Em-
sellem et al. (2007) within the SAURON project, which takes
the global velocity structure into account and in addition
maintains the information about the dynamical state, i.e.
ordered vs. random motion.
For observed two-dimensional velocity and dispersion
maps it is defined as
λR =
〈R |V |〉
〈R √V 2 + σ2〉 , (3)
where R is the projected radius, V the line-of-sight veloc-
ity and σ the projected velocity dispersion. 〈·〉 denotes the
luminosity-weighted average over the full two-dimensional
kinematic field. Inserting the velocity weighting it reads
λR =
∑Np
i=1 Fi Ri |V i|∑Np
i=1 Fi Ri
√
V
2
i + σ
2
i
, (4)
with the sum running over all pixels in the considered field
of view. Fi, Ri,
∣∣V i∣∣ and σi are the flux, projected distance
to the galaxy centre, mean stellar velocity and velocity dis-
persion of the ith photometric bin, respectively.
For a purely rotational supported system, λR tends to
unity. The lower limit of λR → 0 corresponds to either a
purely dispersion-dominated system with no ordered rota-
tion, or a rotating system where the total angular momen-
tum vector is along the line of sight. The usage of 〈R |V |〉
as a surrogate for the angular momentum ensures the dis-
tinction between large-scale or small-scale rotation. Inves-
tigating remnants of simulated binary disc mergers, Jesseit
et al. (2009) found that λR is a robust indicator of the true
intrinsic angular momentum content of these objects. It is
important to mention that λR obviously depends on the spa-
tial size, over which the sum in Eq. 4 is taken. Moreover, it
is sensitive to the tessellation method used for the velocity
and dispersion maps. λR is specifically customised to fit the
needs and constraints of the current observational methods.
It solely uses projected quantities and fluxes, which can be
observed by multi-wavelength surveys.
For simulations the fluxes are replaced by stellar masses,
assuming a constant mass-to-light ratio within each galaxy.
Following previous theoretical studies (Jesseit et al. 2009;
Naab et al. 2014; Bois et al. 2011; Wu et al. 2014), the
expression for λR is transformed into
λR =
∑Np
i=1 Mi Ri |V i|∑Np
i=1 Mi Ri
√
V
2
i + σ
2
i
. (5)
Eq. 5 is the final formula we will use in this study to calculate
λR from the kinematical maps.
In order to calculate λR given in Eq. 5, we need to
generate two types of kinematical maps. The mean projected
velocity V i within a pixel is given by
V i =
∑Nc
j=1 Vj
Nc
, (6)
where Vj is the particle velocity, and the sum runs over all
Nc particles within a cell. Similarly, the projected velocity
dispersion is defined as
σi =
√√√√∑Ncj=1 V 2j
Nc
−
(∑Nc
j=1 Vj
Nc
)2
. (7)
To be comparable to observations we have to use calculation
methods which take the properties of numerical simulations
into account. For example, the limited mass resolution in
SPH leads to low particle numbers when assigning particles
onto a grid, which causes statistical errors. Another issue
c© 2018 RAS, MNRAS 000, 1–24
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is the limited spatial resolution which makes the maps sen-
sitive to numerical small-scale fluctuations. For a detailed
resolution study on this subject see Bois et al. (2010). In
order to avoid artificial statistical noise we adopt the follow-
ing approach for each galaxy: The stellar particles within
the considered spatial domain and projection are sampled
onto a rectangular grid with a spatial resolution compara-
ble to state-of-the-art IFU surveys. Subsequently, a Cen-
troidal Voronoi Tessellation (CVT) is performed, which com-
bines pixels into cells containing a minimum of 100 particles,
while preserving a proper spatial resolution (Cappellari &
Copin 2003). To determine λR we then calculate the line-
of-sight mean velocity, velocity dispersion and the radius of
the centre-of-mass within each CVT cell.
The calculation of λR proceeds by determining the spa-
tial area over which the sum in Eq. 5 is taken. Given the
ellipticity of the galaxy the calculation domain is specified
to be an ellipse with the corresponding ellipticity enclosing
an area of Aellipse = piR
2
1/2. We indicate this by assigning
a subscript ’1/2’ to the parameter name λR1/2 . This proce-
dure of calculating λR1/2 ensures maximal comparability to
observational results.
It is crucial to emphasise that the smallest values ob-
tained from this procedure have to be interpreted with cau-
tion due to the functional definition of λR1/2 . As λR1/2 is a
cumulative parameter of absolute values, the statistical noise
of Voronoi cells with nearly zero velocity adds up, creating
a lower limit for λR1/2 (Naab et al. 2014; Bois et al. 2010).
We verify this notion by calculating λR1/2 for all galaxies as-
suming zero velocity, only considering the statistical noise.
It reveals a mean value of 0.07, which corresponds to the
lowest values found for the simulated Magneticum galaxies.
2.5 Morphological Parameters: Ellipticity and
Se´rsic-Index
During the course of this paper we make use of the ellip-
ticity or flattening  of galaxies. In general  is given by
 = 1 − b/a, where b and a are the semi-minor and semi-
major axis, respectively. Following Cappellari et al. (2007)
 can be determined by diagonalising the moments of iner-
tia tensor within a given aperture. In order to calculate 
for a given projection of a simulated galaxy we iteratively
approximate an iso-density contour: Starting with a circular
aperture of radius 1.5R1/2,  is calculated by diagonalising
the inertia tensor. In the following step we use an elliptical
aperture with the previously determined  containing the
same amount of stellar mass as the initial circle. Reiterat-
ing this procedure until  converges gives an estimate of the
average global ellipticity mostly independent of central sub-
structures.
Since the Se´rsic-index describes the curvature of the
Se´rsic-profile fitted to the stellar radial surface density dis-
tribution, it is a purely morphological parameter. The Se´rsic-
profile is given by
Σ(R) = Σe exp
(
−bn
[(
R
Re
) 1
n
− 1
])
(8)
(Se´rsic 1963), where Re is the effective radius, Σe is the
surface density at the effective radius, and n is the Se´rsic-
index. The dimensionless parameter bn is defined according
to the definition of the effective radius. There is no analytic
solution to the defining equation for bn. Hence, we use a
numeric approximation given in Ciotti & Bertin (1999).
The Se´rsic fits are performed on the edge-on projection
of the stellar component which is subdivided into ellipti-
cal annuli of fixed ellipticity and position angle. Hence we
neglect effects of isophotal twists or variations of  with ra-
dius. The border of the annuli are determined by demanding
a constant particle number of 200, ensuring a proper weight-
ing of all data points. Excluding one effective radius in the
centre the moving window approach is extended out to 5 Re.
In this manner we exclude the influence of central subcom-
ponents like cusps or cores on the fit.
3 THE λR- PLANE
Based on a sample of 48 ETG’s, Emsellem et al. (2007) used
λRe to separate ETG’s into fast and slow rotating objects,
depending on whether the galaxy exhibits a λRe larger or
smaller than 0.1.
Having access to a statistically more complete sample
ATLAS3D redefined the criterion to disentangle fast and
slow rotators based on 260 ETGs, including the galaxies’
shapes:
λRe > 0.31 ·
√
Re → fast rotator
λRe 6 0.31 ·
√
Re → slow rotator
(9)
It is based on qualitative theoretical considerations and has
proven to properly distinguish the two kinematical families
(Emsellem et al. 2011). For our simulated sample of galaxies,
we will use an analogue, approximating λRe by λR1/2 and
Re by R1/2
3.1 Statistical Comparison to IFU Observations
We want to test if our simulated sample of ETG’s reproduces
the observed distribution in the λR1/2 - plane. The com-
parison sample combines observations from the ATLAS3D,
CALIFA, SAMI and SLUGGS survey extracted from Em-
sellem et al. (2011), Querejeta et al. (2015), van de Sande
et al. (2017) and Arnold et al. (2014), respectively. Since
the observations are limited to one random projection for
each galaxy, we choose an arbitrary viewing angle for each
simulated galaxy to determine λR1/2 and .
Fig. 2 shows the λR1/2 - plane for the simulated sample
(red circles) in direct comparison to the IFU observations
(blue and grey symbols). The threshold between fast and
slow rotators given in Eq. 9 is shown as solid green line.
Furthermore, Fig. 2 comprises cumulative distributions for
λR1/2 on the right and for  on top of the main panel each
split up into the various samples.
The Magneticum simulation reproduces both, fast and
slow rotating ETG’s with λR1/2 and  in the range 0.069 <
λR1/2 < 0.72 and 0.014 <  < 0.69, respectively. With 70%
(629/900) the vast majority is classified as fast rotators, ac-
cordingly only 30% (271/900) are slowly rotating. This is in
good agreement with the results from the ATLAS3D survey,
where 86% (224/260) of the ETGs are fast rotators and 14%
(36/260) are slow rotators (Emsellem et al. 2011). Due to
the lower mass cut for the simulation, the lower percentage
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Figure 2. Comparison of the Magneticum ETGs with ATLAS3D, CALIFA, SLUGGS, and SAMI observations in the λR1/2 - plane.
Main panel : Filled circles indicate the Magneticum ETGs, whereas the open blue and grey symbols mark the observations as indicated
in the legend. The green line defines the threshold between fast and slow rotators. The magenta line shows the theoretical position
of edge-on viewed ellipsoidal galaxies with an anisotropy parameter δ = 0.7 × intr, while the magenta dashed line corresponds to a
factor of 0.8 (for further details see Cappellari et al. (2007)). Accordingly the dotted magenta line represents the theoretical position
for edge-on projected isotropic galaxies with δ = 0. The number density in the plane is illustrated by the red squares. Upper and right
panel : Cumulative number of galaxies (NCUM) normalised by the total number of galaxies (NTOT) of the respective sample for λR1/2
and , respectively.
of fast rotators in the Magneticum sample is an expected
behaviour as the fast rotating regime is preferentially occu-
pied by low mass galaxies. The frequencies of slow and fast
rotators in the SAMI sample are with 15% slow rotators
and 85% fast rotators very similar to ATLAS3D. Within the
CALIFA and SLUGGS sample the frequencies differ signifi-
cantly from ATLAS3D: 28% of the CALIFA sample are slow
rotating, while 72% are fast rotating. Similarly, 27% of the
SLUGGS sample are slow rotators and 73% are fast rota-
tors. The discrepancies among the observational samples are
most probably due to the underlying galaxy selection and
the associated environmental bias. Although the SLUGGS
sample covers the full range of environments it only con-
tains 22 ETGs. Even the volume-limited ATLAS3D sample,
which covers a volume of 42Mpc, is not representative for
the total ETG population in the universe. ATLAS3D, how-
ever is a volume and magnitude limited sample aiming to be
representative of the low redshift galaxy population. Hence,
for a abundance comparison of fast and slow rotators the
ATLAS3D sample is the most sensible choice.
The fast rotating regime is in excellent agreement with
the different observational samples. Similar to the observa-
tions, we see a well defined upper envelope: as  increases,
the maximum λR1/2 increases accordingly. However, the
ATLAS3D sample reveals an envelope reaching higher λR1/2
values for a given . This can be explained by the applied
mass selection criterion, an issue that was already reported
in several former studies using isolated merger simulations
(Bois et al. 2011; Jesseit et al. 2009) as well as in cosmolog-
ical zoom-in simulations (Naab et al. 2014; Wu et al. 2014).
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A similar behaviour is visible when comparing ATLAS3D to
the remaining observations, where only one ETG exhibits a
λR1/2 larger than 0.65. Therefore, the discrepancies in the
extremely fast rotating range might be due to the differ-
ent definitions of an ETG applied to classify the galaxies
within the different samples, or driven by the different envi-
ronments included in these studies.
In the slow rotating regime we clearly see the aforemen-
tioned resolution limit of λR1/2 > 0.07, as the simulation
does not reach values lower than 0.07. We find a significant
fraction of slow rotators with  > 0.4 which is not present in
the observations. Although there are three galaxies observed
in this regime, we find a distinctly larger fraction of 8.5%
of the total sample in the simulation. This tension with ob-
servations was already reported by Naab et al. (2014) based
on a sample of 44 zoom-in simulations of individual galax-
ies (Oser et al. 2010). In addition, high resolution isolated
galaxy merger simulations by Bois et al. (2011) and Moody
et al. (2014) also produced highly elongated slow rotators,
albeit their higher resolution in the simulations, and the dif-
ferent implementation of physics as well as the very different
nature of such isolated merger simulations. Thus, the origin
of these elongated slow rotators remains to be explored in
future work.
3.2 Edge-on Projections and Environmental
Dependence
For galaxies that rotate around their minor axis, λR1/2 is
largest if the galaxy is seen edge-on. The edge-on projection
is the plane spanned by the minor and major axis of the
stellar distribution. Therefore, also the maximum ellipticity
should be obtained under this projection.
We rotate all our galaxies2 into edge-on projections,
and the result is shown in Fig. 3. The grey circles mark the
galaxies that satisfy the resolution criteria but are rejected
from the ETG sample by Eq. 2, while the other colours
comprise the Magneticum ETGs.
As expected, we find that the non-ETGs are much
more common at the high-λR end than the ETGs, and
that flat ellipticities are also much more frequent for the
non-ETGs than for the ETGs. However, we also clearly see
that the population of non-ETGs is contaminated by ob-
jects currently influenced by interactions: A certain portion
of these galaxies do not follow the expected behaviour of
high λR1/2 and e values characteristic for late-type galax-
ies (Cappellari 2016; Bois et al. 2011). In addition, recent
observations revealed that early-type galaxies can posses a
significant amount of cold gas, with fgas distinctly larger
than 0.1 (Davis et al. 2015), and hence these ETGs would
be included in the non-ETG population by our selection
criterion. Therefore, the non-ETGs cover the full range of
0.07 6 λR1/2 6 0.82 and 0.17 6  6 0.84. For very low λR,
nevertheless, the non-ETGs become rare. This is in good
agreement with expectations, as the very round and slow-
rotating galaxies do usually not have that much cold gas.
Nevertheless, a substantial amount of the non-ETGs pop-
ulate the extremely high λR1/2/ domain, showing the ex-
2 All galaxies that satisfy the resolution criterion are treated like
this, independent of further classifications
Figure 3. Main Panel : λR1/2 - plane for Magneticum galaxies
with M∗ > 2 · 1010M in the edge-on projection. The grey sym-
bols represent the rejected galaxies according to Sec. 2.2, while the
other colours comprise the Magneticum ETGs. The Magneticum
ETGs are furthermore split up according to their large scale envi-
ronment into cluster satellites (turquoise triangles), group satel-
lites (blue squares), field satellites (yellow diamonds), and centrals
(orange circles). The green line defines the threshold between fast
and slow rotators given in Eq. 9. The magenta lines are equivalent
to Fig. 2. The number density in the plane is illustrated by the
red squares. Side panels show the cumulative number of galaxies
(NCUM) normalised by the total number of galaxies (NTOT) of
the respective sample split up into different environments.
pected trend for late-type galaxies, which can be seen even
better in the sideways cumulative distributions of Fig. 3.
Additionally, we separate the Magneticum ETGs into
centrals (i.e. galaxies that reside at the centre of the poten-
tial, filled orange circles in Fig. 3) and subhalos (i.e. galaxies
that are satellite galaxies within the halo of another galaxy).
Furthermore, we split the subhalo ETGs according to the
environment they are living in, into cluster satellites (filled
green triangles), group satellites (filled blue squares), and
field satellites (filled yellow diamonds).
We do not find any difference between the ETGs re-
siding in different environments, and only a slight difference
between centrals and satellite ETGs, with a tendency for the
extremely slow rotating galaxies to be preferentially central
galaxies and not satellites. This is in good agreement with re-
cent studies of environmental dependencies of λR1/2 , which
also could not find any substantial influence of the large
scale environment on the kinematical properties of ETGs,
as discussed above.
The shaded red areas in Fig. 3 illustrate the number
density of the Magneticum ETGs in the λR1/2 - plane. They
reveal two distinct populations of ETGs, fairly well sepa-
rated by the magenta line and the observational fast-slow
rotator threshold, with only very few galaxies in the transi-
tion region.
The population of slow rotators is clearly separated
from the upper population, indicating that the different be-
haviour of slow- and fast rotators in the λR1/2 - plane is
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not just a line drawn visually but actually contains physi-
cal meaning. The clustering of galaxies in the vicinity of the
black dashed line is caused by the resolution limit3 described
in Sec. 2.4 and thus does not contain physical meaning other
than that the global kinematic properties of these ETGs are
slowly- or even non-rotating.
The fast rotator population splits up into the galaxies
in the transition region and a well defined upper population,
with the majority of the fast rotators being above the dashed
magenta line. Most of these ”real” fast rotators are actually
residing within the isotropic line and the magenta dashed
line shown in Fig. 3, with no ETGs above the isotropic line.
The nature of these curves will be discussed in detail in the
following subsection.
This observed segmentation suggest a fundamental dif-
ference between the slow- and the fast rotating population
of ETGs, with only few ETGs in a transition state between
them. Thus, it supports the idea that there are distinct for-
mation histories for the fast- and slow rotating populations,
and not a slow, continuous transformation from one popu-
lation to the other.
3.3 Global Anisotropy
The theoretical framework provided by Binney (2005) from
first principles, i.e. the tensor virial theorem, allows us to
write a direct relation between V/σ and the intrinsic ellip-
ticity intr, under the assumption of a flattened, axisymmet-
ric galaxy in the edge-on projection with a given anisotropy.
Following on the tight correlation between λR1/2 and V/σ
emphasised by Emsellem et al. (2011), and notations as in
Cappellari et al. (2007), we can thus predict the location of
such systems within the λR1/2 - plane.
Parameterising the anisotropy δ as
δ = 1− Πzz
Πxx
= 1−
∑N
i=1 Mi σ
2
z,i∑N
i=1 Mi σ
2
x,i
(10)
and using the dimensionaless parameter α defined in Binney
(2005), we can write:
(V/σ)2 ≈ (1− δ) Ω(intr)− 1
α (1− δ) Ω(intr) + 1 , (11)
with
Ω(intr) =
0.5 (arcsin(e)− e √1− e2)
e
√
1− e2 − (1− e2) arcsin(e) , (12)
and
e =
√
1− (1− intr)2 (13)
which is finally linked to λR1/2 , via:
λR1/2 ≈
k (V/σ)√
1 + k2 (V/σ)2
(14)
3 Estimating the effect of an increased mass resolution is not
trivial: In general an increase in resolution reduces the statistical
noise allowing to reach lower λR1/2 values. It is however not pos-
sible to predict the impact of a more resolved velocity distribution
on λR1/2 due to the increased number of particles, which could
for example reveal small kinematical distinct cores in the centres
which would lead to larger measured λR1/2 values.
Figure 4. Anisotropy distribution of fast rotators at different
redshifts as indicated in the left upper corner.
where k is estimated to be ≈ 1.1.
Following the model, each point in the λR1/2 - plane
can be assigned a model anisotropy δmodel based on such
assumptions, to be compared with the actual anisotropy of
the system, δcalc, which is directly calculated from the par-
ticle distribution for each ETG. The solid magenta line in
Fig. 2 and Fig. 3 illustrate the model under the assumption
of a linear connection between δ and intr with a factor of
0.7, while the dashed magenta line corresponds to a factor
of 0.8. The dotted magenta line in Fig. 2 and Fig. 3 shows
the theoretical prediction for an isotropic (δ = 0) galaxy.
Remarkably, we find a linear, almost 1:1 relation be-
tween δmodel and δcalc (with a scatter of (0.016,−0.089)),
with only a slight trend for δcalc to be larger than δmodel
(see Fig. A1 in App. A). This is nicely illustrated in Fig. 5
where we show the λR1/2 - plane for the Magneticum ETGs,
with symbols coloured according to their anisotropy δcalc,
together with the predicted lines for edge-on systems with
constant values of the anisotropy δ, from 0 (isotropy) to 0.7
(strongly anisotropic). We therefore conclude that the edge-
on view of the λR1/2 - plane provides an excellent proxy for
the determination of anisotropy. It further means that, given
the inclination of a fast rotator, we could constrain its actual
anisotropy from projected quantities alone.
We can take this further by looking at the overall dis-
tribution of fast rotators in the λR1/2 - plane. The vast ma-
jority of fast rotators are contained within the two limit-
ing curves defined by δ = 0.1 and 0.5 (see also the black
histogram in Fig. 4). These two limits, plus the empirical
fast-slow rotator separation line (λR1/2 = 0.31
√
), provide
a simple way of defining the main regions where fast rota-
tors concentrate. Another interesting reference line is given
by the demand (V/σ)2 > 0 in Eq. 11. Following Cappellari
et al. (2007), it further gives a natural upper limit for δ for
a given intr:
δ 6 1− 1
Ω(intr)
≈ 0.8intr + 0.152intr + 0.043intr + ... (15)
As emphasised by Cappellari et al. (2007), δ = 0.8intr cor-
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Figure 5. λR1/2 - plane colour coded according to δcalc. The colored dashed lines show the result for the theoretical model assuming
different δmodel as given in the legend. The magenta dashed line corresponds to the model prediction for edge-on viewed ellipsoidal
galaxies with an anisotropy parameter δ = 0.8× intr. The threshold between fast and slow rotators is marked by the green curve.
responds to the steepest allowed linear relation within this
framework. The dashed magenta line in Fig. 5 shows the
model prediction for δ = 0.8intr, nicely complementing the
edge-on view of the λR1/2 - plane with most of the Mag-
neticum fast rotating ETGs on its left side (see also the
discussion in Cappellari (2016)).
Interestingly, we cannot find a significant change in the
anisotropy distribution of the ETGs with redshift, as demon-
strated for the fast rotator population in Fig. 4. Only at
z = 2, there is a peak for low anisotropies which is not
present for the other redshift, albeit that is also the smallest
sample of ETGs and this might thus only be a statistical
effect. This is discussed further in the next Section.
3.4 Redshift evolution
While we do not see strong evolution trends with redshift in
the anisotropy of our ETGs, we find a clear evolution of the
λR1/2 - plane with redshift: Fig. 6 shows the λR1/2 - plane
for redshifts from z = 2 to z = 0.
The significant decrease in the total number of ETGs
towards higher redshifts confirms that most galaxies are still
gas-rich at z = 2, and quenching mechanism have a substan-
tial impact below this redshift. At z = 2, most of the galaxies
are in the vicinity or above the magenta relation, while only
a very small fraction is classified as slow rotators. Already
at this stage of the evolution, only a small fraction of ETGs
exceed the isotropic relation. Therefore, the fast rotating
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Figure 6. Redshift evolution of the Magneticum ETGs in the λR1/2 - plane from z = 2 (upper left panel) to z = 0 (right lower
panel). The magenta and green lines are as in Fig. 5. The dashed orange and blue lines show the model prediction for δmodel = 0.1 and
δmodel = 0.5, respectively. The colour and size of the symbols is according to the stellar mass as indicated in the left upper panel.
population is already in place at z = 2, while the slow ro-
tating population only begins to form. All of the subsequent
redshifts show a well defined fast rotating population.
As the redshift decreases, the slow rotator population
becomes statistically more significant. Therefore, we con-
clude that the mechanism which leads to the formation of
the slow rotators, starts to take effect below z = 2. This
is consistent with the results from Naab et al. (2014) who
found that particularly (multiple minor) merger events after
z = 2 drive the formation of slow rotating ETGs.
The detailed evolution of λR1/2 with redshift can be
seen in Fig. 7, which shows the histograms of λR1/2 for the
four considered redshifts. It clearly confirms that the slow
rotating population only begins to build up at z = 2, and
gets more prominent towards z = 0: At z = 2, the distribu-
tion exhibits a clear peak in the range 0.5 < λR1/2 < 0.7,
with a decreasing tail towards lower values. Subsequently,
at z = 1 a peak at λR1/2 ≈ 0.1 close to the resolution limit
emerges. In the further evolution, more galaxies drop to the
slow-rotator regime, enhancing this peak at the resolution
limit value.
In the high-λR1/2 regime, we observe a continuous shift
of the peak towards lower λR1/2 , implying a general spin-
down of the complete fast rotating population with decreas-
ing redshift. Due to a simultaneous decrease of , as seen
in Fig. 6, the complete fast rotating population shifts ap-
proximately within the region constrained by the magenta
curves. Therefore, the most dominant effect in the evolution
of the upper population decreases both λR1/2 and  grad-
ually, while the anisotropies do not change, indicating that
this mechanism leads to an enhancement of the velocity dis-
persion while simultaneously shaping the ETGs to be more
spherical. The most likely mechanism to be responsible are
multiple merger events, again supporting the previously dis-
cussed growth mechanisms for ETGs.
Interestingly, the transition region between the fast and
slow rotator branch, found in Fig. 3, is present at all red-
shift. This suggests that ETGs, which change their kine-
matical flavour from ”real” fast rotation to slow rotation,
pass through this transition region rapidly. In order to in-
vestigate this in more detail we followed the evolution of
λR1/2 for all slow rotators individually. We find that more
c© 2018 RAS, MNRAS 000, 1–24
12 Schulze et al.
Figure 7. Statistical distribution of λR1/2 presented as his-
tograms of the relative frequency. The colour distinguishes four
redshift as given in the legend.
Figure 8. Upper Panel: Temporal evolution of the stellar mass
M∗ for individual slow rotators which show a rapid decline in
λR1/2 associated with a merger event in the range between 1:5 and
1:1 representing 30% of all slow rotators. M∗ is normalised to the
average stellar mass after the drop in λR1/2 (M∗,drop). The time
axis is fixed such that the zero point represents the time of the
drop. Lower Panel: Temporal evolution of λR1/2 demonstrating
the rapid decline.
than 50% of all slow rotators are formed in a quite short
and distinguishable transition from fast to slow rotators. A
closer inspections shows, that at least 30% of all slow rota-
tors at z = 0 unambiguously underwent this transition on a
timescale of less than 0.5Gyr, and exclusively are associated
with a significant merger with a mass fraction in the range
between 1:5 and 1:1, as shown Fig. 8.
On a final side note: Due to several quenching mecha-
nisms and galactic merger events, galaxies can change their
morphologies between the considered redshifts from discy
to spheroidal. Furthermore, it is theoretically possible for
galaxies to re-accrete fresh cold gas and hence become discy
again. To ensure that the evolution trends found with red-
shift are not driven by the underlying classification criteria
used at the different redshifts, we show the λR1/2 - evolution
with redshift for all galaxies in the Magneticum simulation
in App. C. As can be seen from Fig. C1, all reported red-
shift trends are physical and do not depend on the selection
criteria, and are similarly present also for disk-like galaxies.
4 CONNECTING MORPHOLOGY AND
KINEMATICS
4.1 The λR1/2- and the M∗-j∗ Plane
We want to connect the results deduced in the previous
section to the fundamental classification introduced by Fall
(1983) and reviewed in Romanowsky & Fall (2012). When
investigating a plane spanned by the stellar specific angular
momentum log10(j∗) and the total stellar mass log10(M∗),
they found a continuous linear sequence of morphological
types. Furthermore, they found that LTGs and ETGs fol-
low a parallel sequence with a slope of approximately 2/3,
implying a power law relation in the non-log plane. This re-
sult was confirmed for a larger sample of galaxies within one
effective radius by Cortese et al. (2016). Furthermore these
findings are in agreement with recent predictions from cos-
mological simulations (Pedrosa & Tissera 2015; Teklu et al.
2015; Genel et al. 2015). Especially Teklu et al. (2015) per-
formed a rigorous investigation of the M∗-j∗ plane, consid-
ering the same simulated box as this study, introducing the
so-called “b-value” defined as
b = log10
(
j∗
kpc km/s
)
− 2
3
log10
(
M∗
M
)
(16)
to effectively parametrise the position of a galaxy in the
plane, with j∗ given by
j∗ =
|∑Nj=1 mi ~ri × ~vi|∑N
j=1 mi
. (17)
This b-value is by definition the y-intercept of a linear func-
tion with slope 2/3 in the log10(M∗)-log10(j∗) plane. As
shown by Romanowsky & Fall (2012) and Teklu et al. (2015),
at z = 0 objects with b ≈ −4 are disc-like galaxies, followed
by a smooth transition to lenticular and elliptical galaxies
with decreasing b-value. Therefore, this parameter repre-
sents a fundamental connection between three parameters
describing a significant part of galaxy formation: the total
stellar angular momentum j∗, the total stellar mass M∗, and
the present-day morphology. The striking implication of the
slope of 2/3 is that, for a given specific angular momentum,
which is per definition normalised by the total stellar mass,
all different morphologies are possible. We use the b-value as
a tracer for the morphology within the Magneticum ETGs.
Fig. 9 shows the edge-on λR1/2 - plane coloured accord-
ing to b-value. For the calculation of M∗ and j∗ we used all
stellar particles within a sphere of radius 3R1/2 centred on
the galaxy’s centre of mass. The mean value for b for the fast
rotators is b = −4.7, while for the slow rotators b = −5.3,
clearly showing that the lower population is dominated by
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Figure 9. Edge-on λR1/2 - plane for the Magneticum sample
with colours indicating the b-value as indicated in the colourbar.
The lines are identical to the ones in Fig. 6.
classical spheroidal galaxies. This confirms the evolution to-
wards less disc-like galaxies with decreasing λR1/2 , as al-
ready found in observations and for the progenitors of iso-
lated merger simulation (Bois et al. 2011; Krajnovic´ et al.
2013; Falco´n-Barroso et al. 2015).
For the upper population there is a clear trend for the
b-value to increase with raising λR1/2 and . The colour gra-
dient seems to evolve continuously along a linear relation
indicating a transition from more elliptical-like galaxies to-
wards disc-like morphologies with increasing λR1/2 and .
This behaviour suggest also a continuous sequence of ac-
cretion histories along the gradient in b, assuming galaxies
to usually have high j∗ and a disk-like morphology at high
redshift. In general, mergers diminish the angular momen-
tum in a moderate fashion while enhancing the stellar mass
(Lagos et al. 2017), leading to a simultaneous decrease of b
and λR1/2 , creating the vertical evolution visible in Fig. 9
(see also Choi & Yi (2017)). Such an effect of merging was
already suggested by Romanowsky & Fall (2012) to move
within the M∗-j∗ Plane. Furthermore, mergers lead to higher
dispersions, resulting in a puffed up galaxy with smaller
ellipticity responsible for the horizontal evolution. There-
fore, within this scenario, the evolution in b is driven by the
amount of merging a galaxy has undergone during its recent
assembly. Of course, the path of a galaxy in the parameter
space spanned by λR1/2 , b and 1/2 strongly depends on the
configurations of the mergers involved in the formation.
A similar behaviour, however much weaker, is visible for
slow rotators: galaxies with the smallest and therefore most
elliptical-like b are located in the vicinity of the resolution
limit.
To investigate the connection between λR1/2 and b in
more detail, Fig. 10 displays their direct correlation colour
(coded by the half-mass radius). It elucidates the conclu-
sion that λR1/2 and b are directly correlated. The distribu-
tion is well confined by an upper and lower envelope. For
λR1/2 & 0.3, the correlation follows a almost linear rela-
tionship with a certain scatter. Below λR1/2 . 0.3 the de-
pendency gets flatter until resolution effects get significant.
Interestingly, this is approximately the threshold between
the upper population and the transition population.
Investigating the distribution of R1/2 we find that
galaxies exhibiting the same R1/2 lie on separated relations
parallel shifted to the residual R1/2 with a continuous tran-
sition from lower R1/2 at lower b to larger R1/2 at higher
b. Therefore for a fixed b galaxies exhibiting a higher λR1/2
have smaller R1/2. This correlation is especially prominent
for fast rotating ETGs with λR1/2 > 0.2, while in the slow
rotating regime the correlation is not present. Therefore, the
mechanism driving this correlation is only effective for fast
rotating ETGs indicating a different formation pathway for
fast and slow rotators.
To further explore the functional form of the relation
we use a simplified toy model. The model is based on the
following assumptions:
• The stellar density follows a Hernquist profile (Hern-
quist 1990) given by
ρ(r) =
ρ0
r
rs
(
1 + r
rs
)3 . (18)
• The velocity and position vector of the stellar particles
are perpendicular to each other ~v ⊥ ~r. This conditions con-
strains the particles to be on circular orbits, however, the
planes of rotation can be tilted with respect to each other.
• The rotational velocity vrot and the velocity dispersion
σ are spatially constant and are connected by:
Vvir =
√
v2rot + σ
2. (19)
This equation states that the total energy in the system
obtained from the virial theorem is distributed between or-
dered and random motion. This relation, however, only holds
for systems in virial equilibrium.
• We neglect the projection effects on vrot, σ and ρ(r)
occurring in the calculation of λR1/2 . This is probably the
most error-prone assumption.
• We use the mass-size relation determined for the Mag-
neticum ETGs in Sec. 2.3.
Applying these assumptions, λR1/2 simplifies considerably
λR1/2 =
∫
∂A
ρp(r)rp|vrot,p|dA∫
∂A
ρp(r)rp
√
v2rot,p + σ
2
pdA
≈ |vrot|√
v2rot + σ
2
, (20)
where the subscript p indicates the projected quantities. To
calculate b, it is necessary to integrate the stellar angular
momentum and the density over the considered volume
b = log10
(∫
∂V
ρ(r)|~r × ~v|dV
)
− 2
3
log10
(∫
∂V
ρ(r)dV
)
.
(21)
The only free parameters we have to feed into the model are
M∗ and vrot. The result for M∗ = 5 · 1010M with varying
vrot in the range [0, Vvir], and therefore from a completely
dispersion dominated system to a purely rotational sup-
ported system, is shown as a black curve in Fig. 10. The grey
shaded area marks the 1σ scatter adopted from the mass-size
relation. The impact of this error suggests that the trend for
c© 2018 RAS, MNRAS 000, 1–24
14 Schulze et al.
Figure 10. Relation between λR1/2 and b. The colour corre-
sponds to the half-mass radius as given in the colourbar. The
black curve represents the theoretical prediction of the model
outlined in Sec. 4.1 for a galaxy with M∗ = 5 · 1010M. The
grey shaded area indicates the 1σ error adopted from the scat-
ter in the mass-size relation. The dashed black line marks the
resolution limit for λR1/2 .
the scatter with radius is a translation of the scatter in the
mass-size relation into this correlation. It is remarkable that
this extremely simplified model can already reproduce the
generic functional form visible in Fig. 10. Down to the res-
olution limit the black curve resembles the lower and upper
envelope for the total distribution seen from Magneticum as
well as the intrinsic shape for a given R1/2.
To investigate whether the correlation found in Fig. 10
is already established at higher redshifts, Fig. 11 displays its
evolution with redshift.
The correlation between λR1/2 and b is already present
at z = 2, however the tail towards lower b is not estab-
lished yet. At z = 1, the tail region starts to be populated,
and becomes more prominent at the subsequent redshifts.
Generally, we find a clear trend that the low b-values are
established parallel to the appearance of the slow-rotator
population in ETGs, in line with the results presented in
Fig. 6 & 7. In the fast rotator regime the spin-down in λR1/2
is visible, while also a shift towards higher b is present. The
shift in b with redshift for disc galaxies was also found by
Teklu et al. (2016) in the Magneticum simulation, show-
ing the agreement with the theoretical model presented in
Obreschkow et al. (2015).
In the lower right panel of Fig. 11 we include observa-
tions by the SAMI survey (filled diamonds, Cortese et al.
(2016)) and a cross-match of ATLAS3D data (λR1/2) and
data obtained from Romanowsky & Fall (2012) (R12, b-
values) shown as open diamonds. In order to obtain the b-
values for the SAMI data we extracted stellar masses and
the inclination corrected stellar specific angular momentum
for the elliptical and S0 galaxies from Fig. 2 in Cortese et al.
(2016), while λR1/2 is extracted from Fig. 7. The SAMI data
is in excellent agreement with the Magneticum ETGs as well
as with our theoretical toy model. The slight disagreement
found in both data sets is most probably caused by incli-
nation effects, since only the stellar angular momentum for
the SAMI data is inclination corrected.
At z = 2 the ETGs are very compact, as minor mergers
as the main driver for an increase of R1/2 get more promi-
nent at lower redshifts. This is reflected by the occurrence of
more extended ETGs in the further evolution down to z = 0.
The growth of R1/2 with decreasing redshift is in agreement
with the observational findings by Huertas-Company et al.
(2013). From the evolution of the colour gradient and the
width of the distribution we can furthermore conclude that
the scatter increases significantly between 2 < z < 1, fol-
lowed by a modest increase with decreasing redshift. We
checked the evolution of the mass-size relation with redshift
and found the same trend in the scatter (see also Remus
et al. (2017) for the redshift evolution of the mass-size rela-
tion for ETGs in Magneticum). This supports the idea that
the scatter in the λR1/2 -b correlation is a reflection of the
scatter in the mass-size relation.
4.2 Connecting Morphological and Kinematical
Properties
Another tracer of a galaxies’s morphology is the Se´rsic-Index
n, since it describes the curvature of the Se´rsic-profile fitted
to the radial light distribution. The details of the fitting
procedure is outlined Sec. 2.5. We investigate the correlation
between the Se´rsic-Index and the two parameters λR1/2 and
b.
Fig. 12 shows the direct correlation between λR1/2 and
the Se´rsic-Index, while the colour encodes b. We find no clear
correlation between n and λR1/2 , in agreement with obser-
vational results found for the ATLAS3D sample presented in
Krajnovic´ et al. (2013) for a one component Se´rsic fit. In a
more recent study Cortese et al. (2016), within the SAMI
project, speculate that the scatter in this relation also found
in their own sample especially in the slow rotating regime
is mainly due to inclination effects. Since we are able to ex-
clude inclination effects by using the edge-on projection, we
can disprove this speculation and conclude that there is no
significant correlation between λR1/2 and the Se´rsic-Index.
Hence, the Se´rsic-Index as a morphological parameter of a
galaxy is not a sufficient tracer for the kinematical state of
a galaxy4.
We also do not find a correlation between b (see upper
panel of Fig. 13) and the Se´rsic-Index. A weak, shallow, lin-
early decreasing trend is visible for galaxies with b > −5.0
while in the low-b range absolutely no correlation is present.
The lower panel of Fig.13 explains the origin of the de-
scribed behaviour by colouring fast (blue) and slow (red)
4 However, a direct comparison of Se´rsic-Indices obtained from
simulations and observations has to be interpreted with caution,
as they probe different radial regimes of the galaxies, since sim-
ulations do not resolve the innermost part of the galaxies while
observations have difficulties in detecting the faint, low-luminosity
outskirts of the galaxies.
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Figure 11. The redshift evolution of the correlation between λR1/2 and b. Each panel corresponds to one redshift as indicated in the left
upper corner. The colour of the symbols marks the half-mass radius of each galaxy in comoving coordinates as given in the colourbar.
In the lower right panel the black diamonds show observations from the SAMI survey (filled diamonds, Cortese et al. (2016)) and a
combination of ATLAS3D data (λR1/2 ) and data obtained from Romanowsky & Fall (2012) (R12, b-values) shown as open diamonds.
The black dashed line in each panel represents the resolution limit for λR1/2 , while the thick dashed line shows the relations obtained
from our toy model.
rotating galaxies. A clear trend is visible for fast rotating
galaxies with high n to possess a lower b in the more ellipti-
cal branch in line with what is found in Cortese et al. (2016).
In contrast, the slow rotators populate the diffuse low-b re-
gion, causing the uncorrelated part of the distribution. This
is again demonstrating the fundamental difference between
fast and slow rotators, populating different regions of the
b-n-plane.
The black symbols in the lower panel of Fig. 13 de-
pict observational results from the SAMI survey (filled dia-
monds, Cortese et al. (2016)) and R12 (open diamonds). In
the SAMI data we again only include elliptical and S0 galax-
ies. The Magneticum ETGs are in good agreement with the
SAMI observations, while a significant fraction of the R12
data shows higher b-values. The disagreement with the R12
observations is most probably due to projection effects, since
the angular momentum is not corrected for inclination.
5 KINEMATICAL GROUPS
Motivated by the fundamental findings of Krajnovic´ et al.
(2011) we investigate the specific kinematical features of
the line-of-sight velocity maps. The authors in that observa-
tional study define six kinematical groups based on features
in the velocity maps (see Sec. 1 for the definition of the kine-
matical groups) and investigate their connection to internal
properties of ETGs.
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Figure 12. Correlation between Se´rsic-index n and λR1/2 . The
colour indicates the b-value.
Figure 13. Correlation between Se´rsic-index n and b-value. Up-
per panel: Colours according to R1/2. Lower panel: Colours code
fast rotators (blue filled circles) and slow rotators (red filled cir-
cles). Black filled diamonds show observations from the SAMI
survey extracted from Cortese et al. (2016), while the open dia-
monds represent observations from R12.
5.1 Classification and Group Frequency
The classification method applied in this study rests upon a
visual inspection of each individual velocity map in the edge-
on projection. The class of 2σ galaxies is not considered. To
reduce possible bias, each velocity map was classified inde-
pendently by three persons. Discrepancies were solved by
either assigning the class with two votes to the galaxy or, in
the case of a complete disagreement, a collective reconsider-
ation. The galaxies were classified into the following groups:
• Regular Rotator (RR): The velocity map shows a well
defined, ordered rotation around the minor axis, with no
kinematical features.
• Non Rotator (NR): The velocity map exhibits no dis-
tinct kinematical feature and low-level velocities.
• Distinct Core (DC): The velocity map features a cen-
tral rotating component surrounded by a low-level or non-
rotating component.
• Kinematically Distinct Core (KDC): The velocity map
shows a central rotating component surrounded by a region
with inclined rotation with respect to the central compo-
nent. This explicitly includes counter-rotating cores.
• Prolate Rotator (PR): The velocity map shows ordered
rotation around the major axis of the galaxy.
• Unclass (U): The galaxy cannot be assigned to any of
the previous groups.
For each class, Fig. 14 displays an example of a voronoi-
binned line-of-sight velocity map, except for the U class.
The statistical frequency of each class is summarised in a
pie chart in Fig. 15. In agreement with observations, the
RR are the most common group in the Magneticum sample
(69%) followed by the NR (14%). 4% of the Magneticum
ETGs are assigned to the class of DC corresponding to 35
objects. The reason for the low number of five KDCs (1%) is
most probably a resolution issue, since KDCs in ATLAS3D
are located in the very centre of the galaxy, which is not
resolved in the simulation.
The group of PR contains 20 galaxies, which corre-
sponds to 2% of the total sample. Preliminary results from
the M3G-project using the MUSE instrument suggest that
at stellar masses above 1011.5M those galaxies are more
frequent. The PRs in our sample follow a similar mass-
distribution, being more prominent at higher masses, with
a significant increase around 1011.5M (see middle panel
of B1). This is in good agreement with the results from
ATLAS3D and CALIFA sample which show a rise in the
prolate rotator fraction in the same mass regime, reported
in Tsatsi et al. (2017). Interestingly, the number of PRs is
rather constant over the complete mass range covered by
the Magneticum ETGs (see upper panel of B1). This im-
plies, that the increase in the fraction of PRs with higher
mass is due to the decrease of the number of other objects.
This is in agreement with results found in the Illustris simu-
lation (Ebrova´ &  Lokas 2017). Thus, we conclude, that Mag-
neticum represents a powerful tool to investigate their for-
mation and compare to upcoming results from M3G, MAS-
SIVE, CALIFA and MaNGA, which will be addressed in a
future paper.
A direct comparison to the results by Krajnovic´ et al.
(2011) is difficult due to the differences in the underlying
classification mechanism. Especially the group of PR is not
included in the ATLAS3D classification. Furthermore, many
of the kinematical features found in the ATLAS3D reside
within 0.5R1/2, which, for various of the Magneticum ETGs,
is in the region where spatial resolution issues become rel-
evant and it is not possible to detect features which are
smaller than the spatial resolution of the velocity map. In
order to explore the impact of mass resolution on the veloc-
ity maps we applied a bootstrapping algorithm to galaxies
with the smallest amount of stellar particles. It revealed that
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Figure 14. Example velocity maps for the 5 kinematical groups
defined in Sec. 5 from top to bottom: Regular Rotator, Non Ro-
tator, Distinct Core, Kinematically Distinct Core, and Prolate
Rotator. Each map is voronoi binned to ensure a proper number
of particles per bin. The scaling of the velocity is shown in the
colour bar. The shown areas encompasses one half-mass radius,
and the galaxies are rotated such that the long axis is along the
x-direction. The solid black lines represent contours of constant
density.
Figure 15. The statistical distribution of the different kinemat-
ical groups within the Magneticum ETGs: red are Regular Rota-
tors, blue are Non Rotators, turquoise are Distinct Cores, yellow
are Kinematically Distinct Cores, and lilac are Prolate Rotators.
Unclass are shown in black.
the kinematical features in our sample are not sensitive to
the particle binning.
5.2 Kinematical Groups and Global Galaxy
Properties
The distribution of the five kinematical groups in the λR1/2 -
plane is shown in the central panel of Fig. 16 for the edge-
on projection, while the sideways panels display cumulative
distributions of λR1/2 and  with a different linestyle for
each group. As expected the NR they exclusively populate
the low-λR1/2 regime, while spanning a wide range of  with
a peak at  ≈ 0.35 and are slow rotating. The RRs pop-
ulate the fast rotating regime, with only a small number
of objects in the slow rotating region. The slow rotating
RRs show a RR velocity pattern, however their dispersion
maps reach higher values than those of the fast rotating
RRs, with a comparable rotational velocity, effectively caus-
ing the low λR1/2 -values. Four of the five KDCs found in the
Magneticum ETGs are, in agreement with ATLAS3D obser-
vations, classified as slow rotators, while one KDC lays close
to the threshold.
For the DCs, the distribution is not as obvious as for
the other classes. They span the complete λR1/2 range up
to ≈ 0.5, with a larger fraction in the fast rotating regime.
The reason for the wide spread within this class is the strong
difference in the spatial extend of the rotating component:
since the non-rotating surrounding is causing a lower λR1/2 -
value the total λR1/2 decreases with smaller radial extend of
the rotating component. The DCs with the slowest rotation
have small rotating discs in the centre, with an extent of
only a third of R1/2.
Except for three members, all PRs are located in the
slow rotating regime. This is an unexpected behaviour since
per definition the stars show a distinct rotation around a
common axis. However, a similar behaviour was found for
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Figure 16. Main Panel : The λR1/2 - plane for the Magneticum ETGs subdivided into the kinematical groups defined in Sec. 5 at z = 0:
red circles are PR, blue triangles are NR, turquoise rectangles are DC, yellow diamonds are KDC, and lilac bow ties are PR. The lines
are as in Fig. 9. Side panels show the cumulative number of galaxies (NCUM) normalised by the total number of galaxies (NTOT) of the
respective sample split up into the various kinematical groups.
prolate rotating galaxies in the Illustris simulation as pre-
sented in Li et al. (2018). Therefore, slow rotation seem to
be a fundamental property of PRs. Detailed Schwarzschild
modelling of the prolate rotating galaxy NGC 4365 by van
den Bosch et al. (2008) gives a hint at origin of the slow
rotation. The modelling shows that most of the stars are
rotating around the minor axis, however approximately an
equal fraction of stars are on prograde and retrograde orbits
leading to a low net angular momentum and high velocity
dispersion. Although the stars rotating around the major
axis are only a minor contribution their angular momentum
dominates the appearance of the velocity field.
As the formation of those objects is still a matter of
debate, we can only speculate about the origin of the low
λR1/2 -values. From basic physics it is clear that smoothly
accreted gas cooling to the centre of a halo always forms
a disk rotating around the minor axis. Therefore, the most
probable mechanisms to form prolate rotation are galaxy
mergers or a flyby interaction with another galaxy. In the
context of dwarf spheroidal galaxies, Ebrova´ &  Lokas (2015)
showed that mergers of two dwarf disk galaxies can indeed
result in prolate rotation, using a collisionless N-Body sim-
ulation. They found the most significant prolate rotation in
the remnant of a nearly face-on merger of two identical disk
dwarfs on a perfectly radial orbit. In a pure N-Body simula-
tion with this settings, the prolate rotation is a consequence
of angular momentum conservation around the merger axis.
The possibility to form PRs in binary N-Body simulations
of more massive non-dwarf galaxies is shown in Tsatsi et al.
(2017), where the authors form PRs in a polar merger with
the amplitude of prolate rotations depending on the bulge-
to-total ration of the progenitors. Of course, the scenario
gets significantly more complicated when involving a gaseous
component and allowing for non-radial orbits in a fully cos-
mological environment: Ebrova´ &  Lokas (2017) showed that
in the fully cosmological Illustris simulation the merger con-
figurations leading to prolate rotation span a large parame-
ter space in regarding mass ratio, merger time, radiality of
the progenitor orbits, and the relative orientations of spins
of the progenitors with respect to the orbital angular mo-
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Figure 17. Various parameter correlations split up into kinematical groups. Left upper panel : Correlation between λR1/2 and Se´rsic
index. Right upper panel : Correlation between λR1/2 and b. Left lower panel : Correlation between b and Se´rsic index. In the upper row
the black dashed line marks the resolution limit for λR1/2 .
menta. Furthermore, they find that about 50% of their pro-
late rotators were formed during a gas-rich merger.
To further explore the properties of the kinematical
groups, Fig. 17 shows the three correlations investigated in
the previous sections, split up into the kinematical groups.
The upper left panel shows the between λR1/2 and the Se´rsic-
index. None of the groups shows a correlation between those
parameters. Except for the KDC, which have n in the range
1 < n < 4, all groups populate a large range in n. Hence, the
formation of the various kinematical features do not leave a
signature in the stellar density profile out to large radii. We
want to allude, that the region where the defining features
for the kinematical groups are located is explicitly excluded
from the fitting range. Therefore we can not exclude to find
group specific features in the stellar density profile when
investigating only the central region within one half-mass
radius.
In the correlation between n and b (lower left panel of
Fig. 17) we see that the uncorrelated lower region is build
up by the NR,DC,KDC and PR, while the correlation is
build up by the RR. We can furthermore conclude, that RR
exhibit more disc-like b-values than all the other kinematical
groups, while the b-value cannot be used to distinguish the
other kinematical groups from each other.
This is also visible in the upper right panel where the
connection between b and λR1/2 is displayed. The only group
which populates a distinct region in this plane are the RRs.
Interestingly, the special group of PRs covers a large range
in b, not reaching the high disc-like values.
Therefore, we conclude that it is not possible to disen-
tangle the kinematical groups using global galaxy parame-
ter. This suggests that the signature of their respective for-
mation histories are encoded in local parameters restricted
to the central region of the galaxy.
5.3 Kinematical Groups at z = 2
For the 161 galaxies classified as ETGs at z = 2, we apply
the same classification according to the kinematical features
as for the ETGs at z = 0. From these 161 ETGs, 158 had
maps resolved enough for such classifications, while only 3
could not be classified. Fig. 18 shows the λR1/2 -R1/2 plane
for the ETGs at z=2, with different symbols and colours
marking the same kinematical groups as before. Most of the
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Figure 18. Main Panel: The λR1/2 - plane for the Magneticum
ETGs subdivided into the kinematical groups at z = 2. The lines
are the same as in Fig. 16.
ETGs at z = 2 are regular rotators (92%), and nearly all
fast rotators belong to this kinematical group. Only two fast
rotators do not classify as regular rotators but have a clearly
visible decoupled core. Both galaxies with decoupled cores
live in the transition region, however, it is not possible to
conclude from only two objects a “typical” behaviour.
As can clearly be seen, all galaxies (but two) that belong
to the slow rotator regime are classified as non-rotators (4%)
suggesting that the split-up between non-rotators and fast-
rotators is already established at z = 2. Interestingly, we find
a galaxy that already exhibits a prolate rotation at z = 2.
We trace this galaxy from z = 2 to z = 0 and find that
the prolate rotation of this object is present at all redshifts,
and that its λR1/2 does not change much with time. In our
sample at z = 2, there is no galaxy with a kinematically
distinct core, however, these galaxies are also rare at z = 0
and thus the lack of such galaxies in our box at z = 2 does
not indicate that such galaxies cannot exist at z = 2.
We conclude that the most common kinematical classes
are already present at z = 2, and that regular rotators are
more frequent at higher redshifts, in agreement with the
current picture of non-rotator formation. Furthermore, we
already find special kinematic features like decoupled cores
and prolate rotation at z = 2, proving that the formation
pathways that produce such kinematical features can also
occur at redshifts higher than z = 2. As all our ETGs have
gas fractions below fgas = 0.1, none of these galaxies classify
as blue nuggets, but several of them have rather small half-
mass radii and as such classify as red nuggets.
6 DISCUSSION AND CONCLUSION
Recent observations revealed a shift in the existing paradigm
for early-type galaxies, away from the classical morpholog-
ical separation into elliptical galaxies and S0 mostly driven
by the observed ellipticities, towards a classification based
on fundamental kinematical properties. The picture of early-
type galaxies to be kinematically unimpressive has been rev-
olutionised by observing a richness of complex kinematical
structures, suggesting a variety of formation histories.
In this study we investigated the kinematical proper-
ties of a sample of 900 early-type galaxies at z = 0 ex-
tracted from the Magneticum Pathfinder simulation, which
are a set of hydrodynamical simulations performed with the
Tree/SPH code GADGET-3. We selected all galaxies with
M∗ > 2 ·1010M and a cold gas fraction below fgas < 0.1, to
ensure maximal comparability to the galaxy selection pro-
cess adopted for the observations. Furthermore, we follow
the evolution of the properties of ETGs from z = 2 to z = 0
in a statistical manner applying the same selection criteria.
To characterise the kinematical state of the Magneticum
ETGs, voronoi-binned line-of-sight velocity maps were con-
structed and λR1/2 is calculated for all galaxies. In addition,
we investigate our sample with regard to various parameters
characterising ETGs like the b-value, anisotropy, ellipticity,
and Se´rsic-index.
In the first step we compare the distribution of our sam-
ple at z = 0 in the λR1/2 - plane to the distribution found
by ATLAS3D, CALIFA, SLUGGS and SAMI. With 70% of
the sample being classified as fast rotators and 30% as slow
rotators, Magneticum successfully reproduces the observed
strong trend of fast rotators being the dominant kinemat-
ical state of early-type galaxies. While the overall distri-
bution is in quantitative agreement with observations, the
simulation generates a non-negligible fraction of elongated
SR with  > 0.4 that is not found in the observed sample.
However, this seems to be a common feature of numerical
simulations since this issue was already reported in previous
studies (Bois et al. 2010; Naab et al. 2014; Penoyre et al.
2017).
While the observations are constrained to the fixed
given projection on the sky, we investigate the λR1/2 - plane
in the more physical edge-on projection. We find that in
the edge-on projection two distinct populations are present,
clearly separated by an underpopulated region. In substan-
tial agreement with the theoretical prediction by Cappellari
et al. (2007) the vast majority of the fast rotators lie above
the δ = 0.8intr curve, which represents the steepest allowed
relation according to the analytic model presented in Cap-
pellari et al. (2007).
Furthermore, we investigate the anisotropy distribution
of the Magneticum ETGs in the λR1/2 - plane considering
a analytic model and true anisotropies, calculated from the
particle distribution. We find a substantial agreement be-
tween the model predictions and the true anisotropy allow-
ing to determine the anisotropy of a galaxy from the position
in the edge-on λR1/2 - plane. The fast rotating population
is very well encompassed by the two limiting curves of the
model prediction for a constant anisotropy of 0.1 and 0.5
and the empirical fast-slow rotator separation curve.
Studying the evolution of the λR1/2 - plane with red-
shift, we find that the fast rotating population is already
in place at z = 2, while only a small fraction of ETGs oc-
cupy the slow rotating regime. With decreasing redshift, the
statistical frequency of the SR increases gradually from 8%
to 30%. We therefore conclude that the mechanism which
forms slow rotators becomes more frequent at redshifts be-
low z = 2. Accordingly, the frequency of fast rotators de-
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crease from 92% at z = 2 to 70% at z = 0. This strongly
indicates that dry (minor) merger events play an important
role in the formation of slow rotators as discussed in previous
studies (Naab et al. 2014; Moody et al. 2014). Investigating
the evolution of λR1/2 for individual slow rotators we find
that at least 30% of the slow rotators at z = 0 experience a
rapid decrease of λR1/2 on a timescale of 0.5Gyr associated
with a significant merger event.
Considering the fast rotators, we find the general trend
of a spin down and a shift towards rounder shapes, consis-
tent with the findings of Choi & Yi (2017). The described
behaviour is also present when considering all galaxies that
satisfy the resolution criteria (i.e. disks and galaxies under-
going a merger event). Clearly demonstrating that the recent
formation of the slow rotating population and the spin-down
are not due to a galaxy selection bias but in fact driven by
physical processes in the low-z universe.
We show that, adopting the b-value from Teklu et al.
(2015), the fundamental M∗-j∗ plane is tightly connected to
the λR1/2 - plane. The continuous change of the b-value in
the λR1/2 - plane implies a simultaneous movement in both
planes when a galaxy is influenced by external processes like
merging, harassment or stripping. We suggest merging as a
possible process that is able to cause the observed distribu-
tions in both planes.
We find a strong correlation between λR1/2 and the b-
value. This correlation and the associated scatter is already
in place at z = 2. Using a toy model to estimate the func-
tional form of the correlation, we show that the scatter in
the relation is inherited from the scatter in the mass-size
relation.
In order to investigate the connection between morphol-
ogy and kinematics, we determine the Se´rsic-index n as a
proxy for the morphology of galaxies. We recover the gen-
eral trend found in Krajnovic´ et al. (2013) that ETGs with
n < 1.5 are preferentially classified as fast rotators, while n
is not adequate to disentangle fast and slow rotators.
Furthermore, we classify the Magneticum ETGs into
five kinematical groups according to visual features in their
velocity maps. Our sample includes all features stated in
Krajnovic´ et al. (2011), except for the 2σ galaxies which
by definition are not considered in our study. 69% of our
ETGs show a regular rotation pattern in excellent agreement
with observational results. The class of non-rotating ETGs
comprise 14% of the Magneticum ETGs, while 4% exhibit a
distinct core and 1% show a kinematically distinct rotating
core in the centre.
We find a non-neglectable number (20) of ETGs which
show prolate rotation around the morphological major axis.
Although this only represents a small fraction of 2% of our
total sample their existence confirms that Magneticum com-
prises all the physics to form those observationally discov-
ered objects. Interestingly, except for three galaxies, all PRs
are classified as slow rotators. Investigating the mass depen-
dence of the PR fraction we find a relatively flat distribution
in the range 10.3 < log(M∗) < 12. In contrast, the fraction
of the other groups decreases significantly leading to a rise
of the fraction of prolate rotators. The increase in the sta-
tistical frequency of prolate rotators is in agreement with
recent observational results of CALIFA and ATLAS3D, as
reported in Tsatsi et al. (2017) and theoretical results from
the Illustris simulation (Ebrova´ &  Lokas 2017).
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APPENDIX A: THEORETICAL VERSUS REAL
ANISOTROPY IN ETGS
In Sec. 3.3, we discussed the differences between the global
anisotropy of an ETG calculated directly from the stellar
particles, and the global anisotropy obtained from theoret-
ical modelling using Eq. 11. Fig. A1 shows the correlation
between both anisotropies found for each ETG in the Mag-
neticum sample. There is a clear, almost 1:1, correlation
between these anisotropies (dashed line in Fig. A1) with a
weak trends for δcalc to be slightly larger than δmodel. This
is reflected in the orthogonal antisymmetric 1σ scatter of
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Figure A1. Real anisotropy δcalc calculated from the particle
distribution using Eq. 10 against anisotropy obtained from the
theoretical model δmodel using Eq. 11, for each ETG. The colours
and symbols show the different kinematical groups, as described
in the legend and Sec. 5.1. The grey dotted lines show the or-
thogonal 1σ scatter with respect to the 1:1 relation (dashed black
line).
(0.016,−0.089) with respect to the 1:1 relation (grey dotted
lines in Fig. A1).
The symbols in Fig. A1 demonstrate the aforemen-
tioned effect, that slow-rotators tend to have slightly higher
anisotropies than fast rotators as can be seen in that the
non-rotators generally occupy the area of higher anisotropies
than the regular rotators in both anisotropy-measurement
methods. The ETGs with decoupled cores tend to have
smaller anisotropies than the non-rotators, populating the
regular rotator regime, in both anisotropy methods. Pro-
late rotators occupy the same anisotropy-range as the other
classes, showing no distinct difference in the anisotropy be-
haviour.
We also tested the anisotropy correlation for the galax-
ies where a kinematical classification was not possible, but
we did not find any difference in their behaviour with re-
spect to the correlation between the real and the calculated
anisotropies.
APPENDIX B: λR1/2–M∗ RELATION
Observations revealed that very massive ETGs usually tend
to be round and often slowly rotating ETGs, while the high
λR1/2 range is preferentially populated by less massive galax-
ies (e.g. Emsellem et al. 2011). One possible explanation
for this behaviour is the formation of such massive sys-
tems through multiple minor merger (e.g. Naab et al. 2014;
Moody et al. 2014). However, more recently, Ebrova´ &  Lokas
(2017) showed that many of the highest massive systems are
prolate rotating, albeit the formation channel of these sys-
tems is still under debate, as discussed in Sec. 5.2.
The main panel (lowest) of Fig. B1 shows λR1/2 against
Figure B1. Lower (main) panel : λR1/2 versus M∗ for all ETGs
in the Magneticum simulation. Regular Rotators (RR) are shown
as red filled circles, Non-Rotators (NR) as blue filled triangles,
Decoupled Core (DC) galaxies as cyan filled squares, Kinemati-
cally Distinct Core (KDC) galaxies as yellow filled diamonds, and
Prolate Rotators (PR) as violet filled bowties. Upper panel : the
number of galaxies of a certain kinematical group at different stel-
lar mass bins normalised by the total number of galaxies within
each group. The different kinematical groups are colour-coded ac-
cording to the symbol colour in the lower panel. Middle panel :
Relative percentage of each kinematical group at the different
stellar mass bins, colour-coded as in the lower panel.
the stellar mass M∗ for all ETGs (upper panel), with colours
and symbols indicating the different kinematical groups in-
troduced in Sec. 5.1. As can clearly be seen, the regular
rotating galaxies dominate the lower mass regime, while
non-rotators are present but not common. At the high mass
end, the regular rotators become less dominant, while the
fraction of galaxies with decoupled cores or prolate rota-
tion increases (as can also be seen from the middle panel of
Fig. B1, where the relative fractions of the different kine-
matical groups within each mass bin are shown). Especially
the prolate rotators account for a significant fraction of the
ETGs at the high mass end, in good agreement with re-
cent observations by Tsatsi et al. (2017). The fraction of
non-rotators, interestingly, is at about 10% regardless of
the stellar mass, clearly showing that non-rotators occur on
all mass bins. Nevertheless, at the highest mass bin above
M∗ = 1011.75M, where the number of galaxies in the simu-
lation is low, all ETGs are regular rotators with high values
of λR1/2 , in contrast to observations.
The upper panel of Fig. B1 shows the number of ETGs
within a given kinematical group in each mass bin, nor-
malised to the total number of all ETGs of that group.
Both, regular rotators and non-rotators, are most frequent
at the low-mass end, and become less frequent with increas-
ing mass. On the contrary, distinct cores and kinematically
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distinct cores are features that become much more frequent
at the higher mass end, albeit this could be a result of the
resolution limitation of the simulation, as the sampling of
particles at the low-mass end enhances the noise in the kine-
matical maps and therefore could suppress the signal of such
features in the maps.
However, most interestingly, the relative number of pro-
late rotators is constant over all mass bins. Thus, while pro-
late rotators become more frequent at the high mass bin
due to the decreasing number of galaxies with other kine-
matic features, their effective occurrence is independent of
the mass, which is clearly in agreement with the observa-
tional fact that such prolate rotating galaxies are also seen
at the dwarf-galaxy mass end (Ho et al. 2012; Ebrova´ &
 Lokas 2015). Therefore, a more detailed investigation of the
formation mechanisms that lead to prolate rotation features,
is needed in the future.
APPENDIX C: REDSHIFT EVOLUTION OF
THE λR1/2- DISTRIBUTION FOR ALL
GALAXIES IN THE MAGNETICUM
SIMULATION
As the classification criteria for galaxies into early- and late-
type galaxies strongly vary between different surveys and
especially redshifts, it is important to demonstrate that the
redshifts trends found for galaxies in the λR1/2 --plane in
this paper are not biased by the classification. Therefore,
Fig. C1 shows the same as Fig. 6, but for all galaxies in the
Magneticum simulation above the resolution limit. Those
galaxies that were classified as ETGs are shown as circles,
while the galaxies that were rejected (see Sec. 2.2 for the
classification criteria) are shown as diamonds, independent
whether they are disk-like galaxies, merging systems, or re-
jected due to other reasons.
As can be seen, there is a clear tendency for all galaxies
regardless of their morphology, to have higher λR1/2 (and
thus be more rotation dominated) and larger ellipticities at
higher redshifts, clearly indicating that there exists a gen-
eral spin-down for disk galaxies towards lower redshifts as
well. This indicates that also disk galaxies might suffer from
multiple minor merger event, without destroying the disk-
like structures (e.g., Karademir et al., in prep.). At z = 2,
the slow-rotator regime remains nearly empty, and is pop-
ulated subsequently at lower redshifts with the advent of
more massive galaxies and an increasing fraction of ETGs.
At all redshifts, the higher-λR1/2 -regions are occupied by re-
jected galaxies (as expected since these galaxies include the
disk-like galaxies).
This paper has been typeset from a TEX/ LATEX file prepared
by the author.
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Figure C1. λR1/2 --plane for all galaxies satisfying the resolution criteria, with Magneticum ETGs shown as filled circles and the
rejected galaxies shown as open diamonds. Different colours and symbol-sizes indicate the mass of the galaxy. Upper left panel: z = 2;
Upper right panel: z = 1; Lower left panel: z = 0.5; Lower right panel: z = 0. Lines are as in Fig. 6.
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